Abstract. An open field trial was established to evaluate production, carotenoids, ascorbic acid, and soluble solids of processing tomato inoculated with arbuscular mycorrhizal fungi either at sowing, and reinoculated at transplanting compared to non-treated plants under different soil moisture conditions. Depending on plant water requirement, all treatments induced to three levels of water supply: Full water supply, half water supply, and no water supply by adjusting the water amount. Regardless of mycorrhizal inoculation time and dosage, plants under no water supply conditions faced severe stress and showed no enhancement in growth, yield, and water use efficiency. Mycorrhizal re-inoculation significantly increased the marketable fruit yield, the total biomass, the water use efficiency, and leaf water potential under water shortage conditions in half water supply compared to at sowing inoculated mycorrhizal plants, and non-treated plants as well, suggesting that field mycorrhizal re-inoculation enhances colonized plant water stress avoidance. A strong negative correlation was observed between yield and soluble solid content. Concisely, mycorrhizal re-inoculation was more effective than inoculation at sowing.
Introduction
Processing tomato is one of the most important vegetable crops, its production reached 41,374 Mt worldwide, 17,424 Mt in Mediterranean area, and 10,759 Mt in EU (WPTC, 2016) . Its high content of carotenes, made tomato an important component in human diet. Humans should take carotenes, since they are ubiquitous organic molecules, which cannot be produces by human body. These group of pigments are accumulate during the ripening process (Helyes et al., 2006; Pék et al., 2010) . In Hungary Helyes and coworkers (2002) measured total carotenes in range of 39 to 171 mg/ kg -1 in 16 different cultivars of tomatoes. Lycopene and β-carotene are the most significant compounds belonging to carotenoids. Lycopene forms about 83% of all carotenoids according to (Lopez et al., 2001) , while the later gives 1-3% of the total carotenoids including the orange tone. β-carotene is the main source of vitamin A, therefor it is very important for the human health (Francis, 2002 ); the water table was below 5 m, which could not influence the water turnover.
Tomato seedlings have been propagated on 13 th of April in a greenhouse using special horticulture substrate (Klasmann TS3) and inoculated with mycorrhizae (AM+) or not (Control). The mycorrhizal fungi corresponding to a commercial product Symbivit® (mixture of G. mosseae, G. etunicatum, G. claroideum, G. microaggregatum, G. geosporum, and R. irregularis) produced by Symbiom Ltd. (Czech Republic, www.symbiom.cz) was applied at a dosage of 25 g/ L -1 substrate. After 4 weeks of growth the AM+ and Control-seedlings were bedded out on 11 th of May. During transplantation to the field one-half of the inoculated seedlings were re-inoculated (AM++) by adding (20 g/ plant -1 ) of Symbivit inoculum into the planting hole and seedlings were planted immediately.
The experimental design was randomized block with four replications per treatment. Seedlings were arranged in double (twin) rows with 1.2 m and 0.4 m inter rows distance and 0.2 m between plants. Three watering regimes: Full water supply (WS 100 ), half water supply (WS 50 ), and no water supply (WS 0 ), were implemented through a drip irrigation system. Water amount was controlled according Pék et al. (2014) depending on air temperature (daily water demand = daily average temperature x 0.2). Weather forecasts from the National Metrological institute were used to calculate the plants daily water demand depending on the daily average air temperature and precipitation. Plant nutrition requirements and plant protection were regulated according to Helyes and Varga (1994) throughout the growing season. Fruits and total biomass were harvested within two weeks first the WS 0 tomatoes on 11 th of August, followed by both WS 50 , and WS 100 tomatoes on 25 th of August.
Soil water content assessment
Volumetric soil water content was taken by digital soil moisture meter PT1 (Kapacitiv Kkt., Budapest, Hungary) at six different soil depths (5, 10, 15, 20, 25 , and 30 cm) just prior to watering.
Root colonization estimation
Samples for estimating root colonization five plants were dug out (with a soil core of 25 × 25 × 25 cm) randomly chosen from the repetitive plots of the same treatment. A representative subsample of the roots regarding different treatments was cut to 10 mm pieces and five randomly selected pieces from each sample were subjected to Trypan Blue staining (Phillips and Hayman, 1970) . Internal fungal structures (hyphae, arbuscules) were examined under a stereomicroscope at × 100 magnification and the percentage of root length colonized was calculated using the gridline intersect method (Giovannetti and Mosse, 1980) . Mycorrhizal colonization was measured only at harvesting therefore the interpretation of colonization level should be put on more guard. Moreover the applied staining method was not able to make differences between active and non-active mycorrhizal part. 
Water use efficiency and mycorrhizal dependency calculation

Leaf water potential measurement
Pressure bomb (PMS Instruments Co., Corvallis, OR, USA) was used to determine leaf water potential (ѱ leaf ) at midday by cutting a newly mature leaf from each plant, four replication per treatment and for three consecutive weeks.
Analysis of carotenoid components and vitamin C
Extraction of carotenoids and ascorbic acid
Carotenoids extraction was done according to the method of Daood et al. (2014) . Five grams of well homogenized tomato has been taken in triplicate followed by disintegrated in a crucible mortar in the presence of quartz sand. The water was then removed by adding 25 ml of methanol along with the repeat disintegration of the aggregating bulk. After the addition of 70 ml of a 6:1 dichloroethanemethanol solution, the mixture was transferred quantitatively into 100 ml conical flask. Moreover, the mixture was shaken up to 15 min by mechanical shaker. Few drops of double distilled water were added to separate the two phases. The pigment containing lower layer was separated in a separating funnel, dried over anhydrous sodium sulphate and passed into a round-bottom flask. The organic solvent was evaporated with vacuum by rotary evaporator (IKA® RV10, Sigma-Aldrich Ltd., Budapest, Hungary) at maximum 40 °C and the residues were re-dissolved in 5 ml of HPLC grade acetone.
Ascorbic acid was extracted from 5 grams of well homogenized tomato by crushing in a crucible mortar and shaking for 15 min with 3% metaphosphoric acid solution. The mixture was then filtered through a filter paper and purified by a 45um nylon syringe filter before injection on to the HPLC column.
HPLC equipment and conditions
A Chromaster liquid chromatograph in (Hitachi, japan) consisting of a Model 5110 Gradient pump, a Model 5210 auto sampler and a Model 5430 photodiode array detector was used. Operation and data processing were performed by EZChroma Elite software.
The separation of carotenoids was done on cross-linked C-18, 3µm, 150 x 4.6 mm column using gradient elution of water in acetone as described by Daood et al. (2014) . The column effluents were detected at their maximum absorption wavelength for identification and quantification. The retention properties and spectral characteristics of the detected peaks were compared with some available standard materials like lycopene, β-carotene and zeaxanthin (Sigma-Aldrich Ltd., Budapest, Hungary). In case of absence of standards, the tentative identification was done based on comparison of retention times and spectral characteristics with literature data. Additionally, the compounds were quantified as either lycopene-or β-carotene-equivalent based on their spectral characteristics.
As for ascorbic acid, separation was performed on C-18, 240 x 4.6 mm, 5um column under ion-pair chromatographic conditions optimized and validated by Daood et (1994) . Ascorbic acid was identified using standard material (Sigma-Alrrich, Budapest), from which stock and working solutions were prepared for getting the calibration curve.
Brix determination
Digital Refractometer Krüss DR201-95 (Küss Optronic, Hamburg, Germany) was used to estimate the o Brix.
Statistical analysis
Statistical analyses were performed using the software IBM SPSS Statistics for Windows, Version 22.0. (IBM Hungary, Budapest, Hungary). Analysis of variances was done by two way ANOVA to separate the mycorrhizal effect, water supply effect, and their interaction. Tukey's tests were performed for every possible pairwise comparison.
Results
Precipitation occasions and their amounts were relatively well distributed during the first two months of the growing period, and plants received the first rain directly after the transplantation, thus the first watering was started in the first week of June.
Irrigation supply resulted in 426.3 mm and 306.3 mm totally for both WS 100 -and WS 50 -regimes respectively including 186.3 mm of rain, while WS 0 plants received only 186.3 mm of rainfall (Fig. 1) . Volumetric soil water contents was ranging between 0.14-0.17, 0.11-0.14, and 0.07-0.10 during the growing season, corresponding to 73-89%, 58-73%, and 37-52% of field capacity in WS 100 , WS 50 , and WS 0 blocks respectively. The last 3 weeks of no rain caused severe stress to all mycorrhized and noninoculated plants in unirrigated WS 0 treatments (Fig. 1) , therefore no enhancements in total biomass and water use efficiency were observed due to mycorrhizal inoculation, although root colonization rates in both AM+ and AM++ significantly increased ( Table  1) . AM++ plants improved the total biomass and WUE by 73% and 42% compared to Control and AM+ plants under WS 50 , while mycorrhizal effect lessened under full water supply WS 100 . The same trend was also observed in mycorrhizal dependency MD %, which was pronounced clearly in AM++ treatment especially under half water supply WS 50 regime ( Table 1) . Re-inoculated plants (AM++) at transplantation gave higher yield compared to those inoculated at sowing (AM+) or non-inoculated (Control) . AM++ plants under WS 50 level gave the highest marketable yield reaching 96.47 t ha -1 exceeding both control and AM+ treatments by 71% and 51% respectively, while mycorrhization effect was slowed down under WS 100 regime and AM++ plant gave higher marketable fruits only by 10% and 31% compared to control and AM+ plants with no remarkable differences in WS 0 ( Table 2) . Despite differences between treatments within the same water supply regime, but total carotenoids and lycopene concentrations were decreased as much as water supply was increased. In Control plants, total carotene decreased by 22 and 31% in both WS 50 and WS 100 compared to WS 0 , and similar losses was observed for lycopene. Decreases in both total carotene and lycopene contents a long water supply increase were even more in AM+ and AM++ ( Table 3) . Remarkable increase in β-Carotene content was measured in AM++ fruits under both WS 0 and W 100 but not under WS 50 . Fruits contained more ascorbic acid only in unirrigated WS 0 plants, while a slight improve was found in AM++ in half water supply without reaching significant levels ( Table 3) .
The soluble solid content (ºBrix) showed a strong adverse relationship with the yield.plants with no water supply WS 0 were able to support only about 20% of the potential yield, thus the highest ºBrix was obtained about 8, regardless of mycorrhizal inoculation. Under both WS 50 and WS 100 , a reduction of one unit of ºBrix was observed in the range of 50 to 100 t ha -1 of marketable fruit. Although the concentration of soluble solids decreased, yield increase compensated ºBrix loses as a result of the mass quantity of the soluble solids per area (t h -1 ). Soluble solid production illustrated a strong positive linear correlation with the marketable yield (Fig. 2) . http Along gradients of decreasing water supply, the leaf water potential (ѱ leaf ) decreased too (the more negative the ѱ value, the drier or more water -stressed is the plant), from (-0.91 MPa) in WS 100 to (-1.06 MPa) in WS 50 and (-1.55 MPa) in WS 0 in control plants, while re-inoculated AM++ treatments enhanced and increased the ѱ leaf significantly under all water supply intensities with the best interaction under WS 50 (-0.87 MPa). This trend was less pronounced in AM+ treatments. Moreover a strong positive linear correlation (R 2 = 0.73) was observed between the ѱ leaf and total biomass (Fig. 3) . http 
Discussion
Worldwide, field crop production faces water stress that limits crops productivity, and mycorrhizal symbiosis is considered as a key component backing up host plants to overcome water lack stress as it is addressed in numerous of studies (Augé, 2001 ; Smith and Read, 2008; Ruiz-Sanchez et al., 2010; Candido et al., 2015) . In this field-based trial, mycorrhizal re-inoculation, boosted yield, and enhanced growth and water use efficiency under both half-and full-water supply regimes compared to non-inoculated and at sowing inoculated plants as it was also found by others (Di Cesare et al., 2012).
Despite, the relatively high colonization rate by the endogenous mycorrhizal fungi, control tomato plants showed no enhancement neither in growth nor physiologically compared to inoculated plants ( which affects by the genotype combinations of host plant and the mycorrhizae, and the fact of functional differences of AMF: different fungal species are different in their effectiveness to enhance plant water uptake from the soil, as it was reviewed from several previous studies (Baum et al., 2015) . Regardless of water supply levels, both inoculation at sowing and re-inoculation with the commercial Symbivit significantly increased the rate of root colonization, moreover the colonization rate was not affected by water stress ( Table 1) , which also found in previous studies as summarized by Augé (2001) . Thus resulted in higher total biomass under half water supply condition and this was in agreement with other reports that additional mycorrhizal inoculations can improve growth, and colonization of field crops (Lekberg et al., 2005; Ortas et al., 2013) .
The great increase in water use efficiency in inoculated plants compared to noninoculated under half water supply ( Table 1) is a definite prove, that mycorrhizal inoculation increased the ability of the root to increase water uptake from the soil (Ruth et al., 2011) . Enhancing the water use efficiency by AM inoculation was also found in sweet pepper (Jezdinsky et al., 2012) , and in tomato (Bowles et al., 2016) . Moreover the higher leaf water potential in inoculated plants (Fig. 3 ) also supports this assumption.
Leaf water potential is the most important index of plant water status showing its potential to resist drought through better water uptake or better hydration. We recorded higher (less negative) leaf water potential in mycorrhizae colonized plants under half water supply (Fig. 3) , supporting a study, illustrated higher leaf water potential in host plants colonized by arbuscular mycorrhizae fungi (Porcel and Ruiz-Lozano, 2004), and contradicting many previous studies surveyed by Augé (2001) .
Volumetric soil water content has been in rage of 0.11-0.14 corresponding to 37-52% of the field capacity throughout the growing season, resulted in partial soil drying in half water supply zone. Moreover the enhancement in growth, and water use efficiency due mycorrhizal inoculation was more pronounced under half water supply, providing field-based evidence that AMF was more effective under moderate dried soil conditions in half water supply compared to both severe dried soil in none irrigated and optimum soil moisture conditions under full water supply. More effective phosphorus absorption by mycorrhized roots from dry soil was also evidenced by Neumann and George (2005) in a compartmented pot system.
In this field trial, AM re-inoculation was the most potential in enhancing marketable fruit yield in WS 50 , with increases of about 71% compared to non-inoculated, and about 51% compared to inoculation at sowing ( Table 2 ), exceeding that obtained by Candido et al. (2015) , who used a single inoculum G. mosseae GP11, and recorded an increase of about 11%, and also the 25% yield increase by Bowles et at. (2016) under field conditions.
In general WS 0 fruits contained relatively higher antioxidants and ascorbic acid concentrations compared to WS 50 and WS 100 ( Table 3) ; this could be because of the cooler period (Fig. 1) at the end of July prior to the harvest, since the rain-fed tomatoes were harvested two weeks earlier compared to WS 50 -and WS 100 -tomatoes and this is in agreement with the explanation of Dumas et al. (2003) , and the fact that abiotic factors such as temperature, light, and water supply affect natural antioxidants composition in tomatoes (Pék, et al., 2014) or in plants in general (Hasanuzzaman et al., 2012) .
During the ripening stage high temperature affected lycopene formation negatively, this also affected the total carotenoids, since lycopene forms most of carotenoids. No changes in total carotene, lycopene, β-Carotene and ascorbic acid contents were found in full water supply due to mycorrhization, expect a slight loos for lycopene in AM++, http://www.aloki.hu • ISSN 1589 1623 (Print) • ISSN 1785 0037 (Online) DOI: http://dx.doi.org/10.15666/aeer/1501_401413  2017, ALÖKI Kft., Budapest, Hungary while higher total carotene, lycopene, and β-Carotene levels was observed in AM+ fruits under half water supply ( Table 3 ). This increase in antioxidant compound in fruit of mycorrhized plants could be due to enhanced growth and nutrient acquisition (Ulrichs et al., 2008 ), but we could not meet both high yield accompanied with high nutrient content.
Conclusion
Results of this experiment support field-based evidence that arbuscular mycorrhizae fungal inoculation with the commercial product Symbivit can be an integrated application of processing tomato production alleviating water deficit stress as well as improving processing tomato cultivation by increasing its yield with respect to the quality. AM reinoculation at transplanting is more effective than inoculation at sowing only, but economical aspect should be considered, since more inoculum is required. Under actual agroecosystem conditions many biological and environmental factors are interacting, therefore optimizing AM fungi application is required to reach promising results.
